1. Introduction {#s0005}
===============

During these past years, an important increase of infants born very preterm and with very low birth weight was observed. This population has been reported to be at particular risk of long term cognitive difficulties ([@bb0280; @bb0310]) and psychiatric disorders such as anxiety, autism spectrum, and especially attention deficit hyperactivity disorders (e.g. [@bb0040; @bb0130; @bb0135; @bb0250]). Additionally, several studies showed that such risk was enhanced when premature birth was associated with intrauterine growth restriction (IUGR --- [@bb0045; @bb0120; @bb0150; @bb0195]).

A fetus with IUGR is a fetus born small for gestational age (SGA) with abnormal umbilical artery blood flow prior to birth. The most common and important cause of IUGR is placental insufficiency ([@bb0195]). Follow-up studies of children have shown that IUGR/SGA is associated with significant difficulties in school achievements ([@bb0145; @bb0195; @bb0255]). Such difficulties are thought to be consequences of specific deficits in executive function at school age, particularly in inhibition abilities and attentional control ([@bb0020; @bb0055; @bb0060; @bb0210; @bb0300; @bb0315]).

In the current study, we will particularly focus on response inhibition which is critical to executive control ([@bb0035; @bb0190; @bb0220]). Response inhibition is the ability to withhold a prepotent or dominant response. It develops in early childhood and continues to mature into adolescence ([@bb0010; @bb0165]). One of the most used tests to measure response inhibition is the Go/No-go task ([@bb0095]), in which participants are required to respond to one type of stimuli frequently appearing (go trials) and to inhibit responding to another infrequent type of stimuli (no-go trials). The simple pattern of a Go/No-go task makes it an appropriate task to use with young children in functional magnetic resonance imaging (fMRI). In healthy school-age children, Go/No-go tasks activate a large cortical network, principally left motor and precentral areas during execution (go) conditions and frontal and temporal regions during inhibition (no-go) conditions ([@bb0010; @bb0070; @bb0075; @bb0105; @bb0100; @bb0290]). fMRI studies pointed at the importance of frontal systems, particularly the prefrontal cortex (PFC), in response inhibition. However, whereas adults primarily activate prefrontal regions specifically linked to inhibition ability such as the inferior frontal cortex (IFC), children and adolescents seem to preferentially activate more discrete regions of the PFC (e.g. [@bb0005; @bb0085; @bb0170; @bb0295]). The frontal lobe, linked to the development of higher order cognitive skills, has a prolonged maturational course, which makes it more sensitive to developmental perturbations ([@bb0305]).

In two studies, fMRI was used to look into brain activation associated with successful response inhibition in prematurely born male adolescents ([@bb0225]) and adults ([@bb0155]). A Go/No-go task controlling for attention allocation to low frequency stimuli was used, to prevent the attribution of differences in cerebral activity to the "oddball" character of the no-go stimuli. In the first study, adolescents born preterm demonstrated reduced bold signal response in prefrontal areas including IFC (BA44/45) and subcortical areas including globus pallidus, but also increased bold signal response in right prefrontal areas, temporal cortex and more posterior regions like the cingulate and cuneus ([@bb0225]). The authors suggested that these regions where increased activation was observed in preterm adolescents could compensate for a potential dysfunction of fronto-striatal-cerebellar circuit, by engaging alternative but effective response pathways. In the other study, adults born preterm exhibited decreased activation in the cerebellum and increased activation in the right posterior cingulate, precuneus, and postcentral gyrus ([@bb0155]). Both studies showed that despite equal behavioral performances, participants born preterm demonstrated different brain activation related to inhibition of prepotent response compared to healthy controls, which was suggestive of a reorganization/alteration of the functional network in order to compensate for a possible maturational delay. These findings confirmed brain particularities related to response inhibition processes in prematurity but no fMRI study has yet considered the impact of IUGR on these processes in preterm population, which would be important considering the additional risk for cognitive deficits associated with this pathology. So far, the literature has reported that prenatal growth restriction can affect the frontal lobe and subsequently neuropsychological capacities and school achievements throughout the first decade of life ([@bb0045; @bb0120]) but little is known considering IUGR at a neuronal level. [@bb0065] studied a population of infants born preterm with and without IUGR. Infants were first studied with MRI at birth and then a second MRI and a neurobehavioral assessment at term (40 weeks GA) were performed. The results showed less mature behavioral scores in IUGR infants compared with control preterm infants at term. Specifically, they had more difficulties in maintaining attention to, and interacting with, various social stimuli. Moreover, premature infants born with IUGR demonstrated a significant reduction in total brain tissue volume and cortical gray matter volume both at birth and term, confirming the brain vulnerability associated with IUGR.

In the present work, we used event-related fMRI to explore the neural correlates associated with response execution and response inhibition during a simple colored Go/No-go task in a population of 6- to 7-year-old children born preterm with IUGR (IUGR group) and without IUGR (control group). The task, constructed with attractive colored stimuli, was based on a previous study measuring response selection in children ([@bb0290]). It was then adapted to have both a context of inhibition and a context of execution (see [Section 2.2](#s0020){ref-type="sec"} (fMRI Go/No-go task) in [Section 2](#s0010){ref-type="sec"} (Methods)). The simplicity of the task was also chosen with the purpose of minimizing the cognitive demands other than response inhibition or execution ([@bb0200; @bb0290]). Based on previous MRI and behavioral results with the same population of children at birth ([@bb0065]) and considering that the frontal lobe function is especially vulnerable to fetal nutrient deficiency in the third trimester ([@bb0045]), we hypothesized to observe differences in brain activation between IUGR and control children during response inhibition. Given the literature about specific cognitive and scholar deficits in IUGR population (e.g. [@bb0195; @bb0315]) and knowing that this population has less compensatory resources ([@bb0120]), we also expected the IUGR children to obtain poorer inhibition performances on the task.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

The 6- to 7-year-old preterm children included, are part of a longitudinal study on neurodevelopmental outcome of premature infants already studied in the newborn period ([@bb0065]) from the Division of Child Development and Growth at the University Hospitals of Geneva. The study group consisted of children born prematurely with IUGR *defined as birth weight below the 10th percentile for gestational age and gender* ([@bb0025]) and the presence of placental insufficiency defined as a resistance to arterial umbilical blood flow higher than the 95th percentile measured by the two indexes (RI and S/D) within one or several measurements ([@bb0270]) (for more details, see [@bb0065]). The control group was composed of children born prematurely with birth weight appropriate for gestational age and normal flow in the umbilical artery. Out of the 60 families selected, 38 agreed to full assessment. Of these, three refused to enter the scanner and five fell asleep during the experiment. Ten children were excluded due to head motion on the MRI[1](#fn0005){ref-type="fn"} or a very high rate of non-responses on the Go/No-go task. Finally, twenty children born preterm were included in the present study. Ten children (GA at birth 30.73 weeks ± 2.85) born with placental insufficiency and birth weights (1038 g ± 292) \< 10th percentile (IUGR group) were compared with 10 children (mean birth weights 1273 g ± 478) of equivalent GA at birth (see [Table 1](#t0005){ref-type="table"}). There were no age or gender differences between the IUGR group (5 boys; mean age 6.7) and the control group (3 boys; mean age 6.7). The participants had all normal standard neurologic examination and were free of any neurological disability (cerebral pathology, blindness, hearing loss).

As part of our preterm-born follow-up, the Kaufman Assessment Battery for Children (K-ABC; [@bb0140]) was used to assess the participants\' general cognitive abilities. Mean Mental Processing Composite scores were 96.1 (± 15.2) for IUGR children and 98.4 (± 12.2) for control children, and did not differ between groups (*t*(18) = 0.37, p \> .10). Mean scores on the Sequential Processing Scale were 94.9 (± 15.2) for IUGR children and 96.1 (± 11.6) for controls (*t*(18) = 0.2, p \> .10) and mean scores on the Simultaneous Processing Scale were 96.8 (± 10.3) and 93.9 (± 8.9) respectively for IUGR and control children (*t*(18) = − 0.67, p \> .10).

This study was approved by the medical ethical review board of the University Hospital of Geneva and written informed consent was obtained from parents. Participants gave their oral consent to take part in the study and were free to withdraw from the procedure at any time.

2.2. fMRI Go/No-go task {#s0020}
-----------------------

The participants were individually assessed and completed a simple Go/No-go task associated with an event-related fMRI paradigm. In order to make the task more attractive for children, green and red spaceships ([@bb0200; @bb0290]) were used respectively as go and no-go stimuli. In most studies using Go/No-go tasks, go trials outnumbered no-go trials, in order to make responding prepotent and the inhibition of response rare, so fitting the response inhibition definition. Nevertheless, in these studies, differences in cerebral activity between trial types could possibly be attributed to the "oddball" character of the no-go stimuli ([@bb0030; @bb0160]). Thus, in the present study, we designed the task in creating two types of context, a context of inhibition (where no-go trials outnumbered go trials) and a context of execution (where go trials outnumbered no-go trials) making the number of go and no-go events overall equal and allowing us to measure response execution as well as response inhibition. All children viewed the stimuli displayed on a dark blue screen at the head of the scanner via a 45° angled mirror fixed to the MRI head coil. They responded by pressing a button, using their right index finger, on a button box held in their right hand. Paradigm programming, stimuli display and responses logging were done using E-prime (Psychology Software Tools, Pittsburgh, PA, USA).

The children were instructed to respond as quickly and accurately as possible when a green spaceship appeared on the screen and to withhold their response when a red spaceship appeared on the screen. The task consisted of 4 runs, each run lasting approximately 4 min, and contained a total of 40 trials, presented in a pseudorandomized order. Each trial started with a white crosshair fixation point remaining for 2.9 s on average (jittered with SD of 928 ms, min duration 674 ms and max duration 5309 ms). Then, the stimulus was presented until the child pressed the response button within a limit of 500 ms. Finally, the trial ended with a blank screen remaining between 2.5 and 3 s, to complete exactly 3 s with the presentation of the stimulus ([Fig. 1](#f0005){ref-type="fig"}). Two runs were performed in the GO context, with 75% of go trials and 25% of no-go trials, and the two others in the NOGO context, with the opposite proportions (75% of no-go trials and 25% of go trials). Three rest periods in which a friendly shooting star appeared on screen for 15 s separated the four runs. The order of the runs was counterbalanced across participants.

2.3. Scanning procedure {#s0025}
-----------------------

Scanning was performed using a 3 Tesla system with a 12-channel receiver head coil (Magnetom Tim-Trio, Siemens Medical Solutions, Erlangen, Germany). High resolution 3D anatomical images were collected for each participant using a 3D MPRAGE sequence (TR = 2500 ms, TE = 2.98 ms, TI = 1100 ms, flip angle = 9°, 0.9 × 0.9 mm^2^ resolution, FOV = 230 mm, 0.9 mm slice thickness) acquired in the sagittal orientation. For the functional scans, echo-planar imaging (EPI) blood oxygenated level-dependent (BOLD) images were acquired (repetition time \[TR\] = 2000 ms, echo time \[TE\] = 30 ms, 30 axial slices, slice thickness = 4 mm, no spacing between slices, flip angle = 85°, matrix size 128 × 110, field of view \[FOV\] = 220 mm). Subject\'s head was stabilized with cushions to minimize motion. The anatomical images were first collected in 6 min during which the participants were shown a Tom & Jerry cartoon. The functional images were then collected in 20 min.

2.4. fMRI data analysis {#s0030}
-----------------------

Matlab (Mathworks, Natick, MA, USA) and SPM5 (Wellcome Trust Centre for Neuroimaging, London, UK: <http://www.fil.ion.ucl.ac.uk/spm/>) were used to process and analyze the functional data. Images were motion corrected using rigid-body realignment. Estimated motion parameters were examined on a subject-by-subject basis and subjects demonstrating a rate of corrupted scans greater than 20% were excluded (N = 7). Slice time correction was conducted with the use of the middle slice as reference. Image slices were acquired in descending order. T1-weighted anatomical image of each individual was then coregistered to the mean realigned functional images. Realigned and slice-timed images were segmented and spatially normalized to a pediatric template corresponding to 6 years old, created with the Template-o-Matic toolbox ([@bb0335]). The normalized images were then spatially smoothed using a Gaussian kernel of 8 × 8 × 8 mm^3^.

The fit of the data to a general linear model ([@bb0110]) was constructed and examined using SPM5. A statistical random effects two-stage analysis was performed on successful trials. First, voxelwise t-maps were computed for each individual. Activation in each voxel was contrasted with an implicit baseline corresponding to time between trials and rest periods. Both conditions (go and no-go) in both contexts (GO and NOGO) were computed resulting in four conditions per subject: go vs. baseline in context GO (go_GO), condition go vs. baseline in context NOGO (go_NOGO), condition no-go vs. baseline in context GO (nogo_GO) and condition no-go vs. baseline in context NOGO (nogo_NOGO).

At a second-level, random-effects of these maps were analyzed for hypothesis testing. The group contrasts employed a statistical threshold of p \< .001, uncorrected for multiple comparisons, with an extent threshold of six contiguous voxels. Within group contrasts for IUGR and controls in conjunction ([@bb0215]) and then separately were performed. In order to perform between groups analyses with regions of interest (ROIs), we extracted mean first eigenvariates from the regions that showed activation in the IUGR or the control group at a statistical threshold p \< .001, uncorrected, with an extent threshold of six contiguous voxels for the corresponding contrast. ROIs were centered at the peak statistical value and defined on a sphere of 5 mm radius. Finally, in the purpose of confirming the finding that several regions were more activated in one group than the other, whole-brain between groups analysis, still separated by context, were performed with two-sample t-tests.

2.5. Behavioral data analysis {#s0035}
-----------------------------

Mean reaction times and error rate were examined for each participant. Errors were computed according to its type: omission (failure to respond to "go" stimuli) or false alarm (failure to inhibit responding to "no-go" stimuli). Errors were then divided according to context (GO vs. NOGO). Behavioral data were analyzed using Student\'s tests or non-parametrical Mann--Whitney U-tests.

3. Results {#s0040}
==========

3.1. Behavioral results {#s0045}
-----------------------

Despite a tendency for IUGR children to commit an overall greater number of errors, especially in omissions, the IUGR and control groups did not significantly differ in task performance in any of the dependent variables, separated or not by context. Additionally, there was no difference between groups in reaction time to "go" stimuli (all p \> .05). Performances are reported in [Table 2](#t0010){ref-type="table"}.

3.2. Brain activation {#s0050}
---------------------

As IUGR children committed a greater number of errors compared to controls, the differences in the number of event-related trials analyzed might have increased the variability of the results. However, there were no significant differences in the number of event-related trials analyzed per group.

### 3.2.1. Within group analyses {#s0055}

Firstly, group conjunction analyses were used to identify regions commonly activated in both groups of children. All the conditions were compared to baseline. The execution condition in both contexts (go_GO and go_NOGO contrasts) was associated with left activation in the primary sensorimotor cortex (BA2/3/4) and bilateral activation in the area including supplementary motor area (SMA, BA6) and cingulate gyrus (BA24/32) ([Table 3](#t0015){ref-type="table"}). None of these regions were significantly more activated in one group than the other. In the inhibition conditions (nogo_GO and nogo_NOGO contrasts), groups did not share activation.

Second, within group analyses were performed to identify regions significantly activated in each group. The go_GO contrast was associated with activation of the right inferior parietal lobule (BA40) in IUGR participants whereas in controls it was associated with activation in the right lateral globus pallidus. In the go_NOGO contrast ([Fig. 2](#f0010){ref-type="fig"}), IUGR children displayed activation in the right posterior cerebellum, bilateral putamen, paracentral lobule (BA5), premotor cortex (BA5/6) and left precuneus (BA7). In control children this contrast was associated with activations in the inferior frontal (BA44) and precentral gyri (BA6) bilaterally, insula (BA13), left superior temporal gyrus (BA41), and right lateral globus pallidus ([Table 4](#t0020){ref-type="table"}). During the nogo_GO contrast, activation survived neither the statistical threshold of p \< .001 uncorrected nor the more lenient threshold of p \< .005 with the extent threshold of 6 contiguous voxels. In IUGR children, the nogo_NOGO contrast ([Fig. 3](#f0015){ref-type="fig"}) was associated with activation in the right paracentral lobule (BA4/5) and SMA (BA6), bilaterally in the area including cingulate gyrus (BA24/32) and SMA (BA6) and in the putamen. At the more lenient threshold of p \< .005 uncorrected with 6 contiguous voxels, controls showed activation in the left pre-SMA (BA6) and a left cerebral region including the inferior frontal cortex (BA44), superior temporal gyrus (BA22) and insula (BA 13). Results are reported in [Table 5](#t0025){ref-type="table"}.

### 3.2.2. Between groups analysis {#s0060}

Between groups analyses with ROI enabled the identification of the regions significantly more activated in one group than the other. All peak values of the regions activated within the IUGR or control group at the voxel threshold of p \< .001 uncorrected and a cluster threshold of 6 were taken as ROIs (15 in total).

In the go conditions, 12 ROIs were identified; 2 in the execution context and 10 in the inhibition context (see [Table 4](#t0020){ref-type="table"}). In the go_GO contrast, control children demonstrated stronger activation in lateral globus pallidus compared to the IUGR. In the go_NOGO contrast, compared to controls, IUGR participants showed increased activation in the right putamen and in regions extending from the paracentral lobule to the premotor cortex in the right hemisphere, and to the precuneus in the left hemisphere. The control group demonstrated greater right activation in the region from the inferior frontal gyrus to the precentral gyrus, the insula and the lateral globus pallidus.

In the nogo conditions, 3 ROIs were identified at current statistical threshold; all in the inhibition context and within the IUGR group (see [Table 5](#t0025){ref-type="table"}). In the nogo_NOGO contrast, the IUGR group displayed greater activation relative to controls in the ROIs in the region encompassing the right paracentral lobule and SMA and in the putamen but no significant group difference in activation was found in the region including bilateral cingulate gyrus and SMA.

Additionally, whole-brain between groups analysis was performed for each of the four contrasts ([Table 6](#t0030){ref-type="table"}, [Fig. 4](#f0020){ref-type="fig"}) to confirm the presence of group differences in activation ([Tables 4 & 5](#t0020 t0025){ref-type="table"}). The group differences were sometimes due to positive effect (above baseline) of one group and sometimes due to negative effect (below baseline) of the other group. Four main regions showing group differences could be identified: (1) a superior bilateral fronto-parietal region encompassing medial frontal gyrus, SMA (BA6) and paracentral lobule (BA5), (2) the right parieto-temporal junction (BA13), (3) a right fronto-temporal region encompassing the inferior frontal gyrus (BA44), superior temporal gyrus (BA22), and insula (BA13), and (4) a posterior region straddling the parietal lobule and precuneus (BA7/19). Confirming ROI analysis, the fronto-parietal region was more activated in IUGR compared to controls, in the go_NOGO and nogo_NOGO contrasts. The right parieto-temporal junction was activated in IUGR and deactivated in controls in the go_NOGO and nogo_NOGO contrasts. Also confirming ROI analyses, activation in the inferior frontal region was significantly greater in controls than IUGR during the go_NOGO contrast. The right posterior parietal region was activated in IUGR and deactivated in controls in the go_GO and nogo_GO contrasts. The left posterior parietal region was also deactivated in IUGR during the go_NOGO contrast at the lower statistical threshold of p \< .005, uncorrected, with an extent threshold of six contiguous voxels.

4. Discussion {#s0065}
=============

In the current study, functional activations of young children born preterm with and without IUGR, while performing a Go/No-go task, were presented. As hypothesized, the results indicated that IUGR children displayed different patterns of activation in selective brain areas compared with controls. Globally, these results showed that IUGR children seem to rely on more posterior, parietal regions and on the putamen in a context of inhibition while control children seem to preferentially activate fronto-temporal regions including the IFC, superior temporal gyrus and insula as well as the globus pallidus. In addition, IUGR children showed more activation during inhibition conditions compared with controls and a tendency to a higher error rate, which may imply the task to be more demanding for these children ([@bb0080]).

We will first discuss performances and regions activated in both groups together. Secondly, group differences of activation will be discussed, starting with results regarding task particularity. We will then focus on results of our control group, based on ROI and whole-brain between groups analyses, and discuss them in the light of previous research with different populations. Finally, results concerning the IUGR group (ROI, whole-brain between groups analyses and significant correlations with performance) will be discussed.

4.1. Task performances and joint activation underlying response execution {#s0070}
-------------------------------------------------------------------------

On a behavioral level, even though no significant between-group differences concerning task performances were observed, the IUGR group tended to commit a greater number of errors, as hypothesized. The IUGR group also presented with higher response variability compared to controls. This is consistent with previous studies in which greater response variability has been identified in clinical groups with frontal brain deficits and has been associated with more immature pattern of activation ([@bb0070; @bb0075]).

Regarding activations related to go processes (response execution), the regions activated in both groups, independently of context, are in accordance with previous studies with children ([@bb0105; @bb0100; @bb0290]). In these studies, activity in left primary motor and sensorimotor cortex has been related to the control of execution and planning of movement. Furthermore, the left pattern of activation was expected as our participants responded with their right hand. Also, the activation we observed in the bilateral field from the ACC to the SMA has been related to the preparation for visually cued movements of the finger of the right hand, which had to press the button ([@bb0330]). According to Mostofsky and colleagues, the caudal (SMA proper) and rostral (pre-SMA) portions of the SMA have both a role in the execution of response; in the motor act of executing the response and in the selection of response, respectively ([@bb0200]), while the ACC may play an error monitoring function, providing performance feed-back to the pre-SMA ([@bb0205]). In conclusion, these go-related regions activated in both groups seem to play a role in preparation and execution of motor response. In contrast, regarding no-go processes (response inhibition), the two groups did not share any activation, as revealed by conjunction analysis.

4.2. Direct activation comparison between IUGR and control preterm children {#s0075}
---------------------------------------------------------------------------

The overall results showed less brain activation related to no-go events than to go events in both groups and this was more pronounced in control children. Similarly, a lack of brain activation related to inhibition performances (nogo \> neutral) has been found in a group of 16 children ages 8 to 12 by [@bb0075] where no activation had survived the statistical threshold of p \< .001 uncorrected. However, this is inconsistent with most previous Go/No-go studies ([@bb0010; @bb0070; @bb0085; @bb0105; @bb0100; @bb0290]), which have found major activation related to response inhibition (in a classical context of execution). This inconsistency may be based on the specificity of our task, designed in the purpose of controlling for the oddball character of the no-go stimuli. As a matter of fact, our results revealed a particular pattern of activation: most activation in each group was found in a context of inhibition. In this context, the child had to inhibit his response in 75% of the trials and actually execute his response in 25% of the trials. It is thus possible that this specific design created a "prepotent nonresponse" as well as a prepotent response, so making the inhibition process as automatic as the execution process ([@bb0325]). Finally, the lack of differences we found between go- and no-go-related activation in inhibition context in each group is consistent with previous theories which have suggested that the neural correlates of preparing to inhibit a response were quite similar to the neural correlates of actually inhibiting a response ([@bb0125; @bb0185]).

### 4.2.1. Predominant activation in control preterm children {#s0080}

When the two groups were compared, control children exhibited increased activation in IFC (pars opercularis), precentral gyrus as well as insula and superior temporal gyrus in a context of inhibition and particularly in the right hemisphere. Control children also demonstrated increased go-related activation in the right globus pallidus in both contexts. Similar activations have been reported in previous Go/No-go studies with typically developing children ([@bb0010; @bb0105; @bb0100; @bb0290]). Interestingly, prefrontal and temporal areas have been related to successful inhibition, (e.g. [@bb0240]) while in our study it was related to successful execution in inhibition context. Even though previous research in healthy population have highlighted the important role of the IFC, when inhibition is required ([@bb0085; @bb0105; @bb0170; @bb0295]), recent research have postulated that the IFC region plays an important role in the executive control of updating and selection of actions; so it could be activated by cues to update the plan of behavior, rather than cues specific to response inhibition ([@bb0265; @bb0320]). Following this theory, in the present study, the main plan was to inhibit a response and children had to activate an alternative plan, so they activated the IFC, when a go stimulus was presented.

The prefrontal cortex is thought to be involved in response inhibition early in childhood, but its functional development continues into adulthood (e.g. [@bb0015; @bb0030; @bb0075; @bb0235; @bb0295]). This prolonged maturational course makes it more sensitive to developmental perturbations ([@bb0305]). We therefore suggest that the lack of prefrontal activation found in IUGR children compared to controls could translate to a less mature pattern of response selection. In a study by [@bb0225], adolescents born preterm have shown decreased activation in the IFC (BA44,45) and in the globus pallidus. The authors have concluded to a rerouting of function to compensate for a possibly altered neurodevelopment. In the present study, these regions were greatly activated in control preterm compared to IUGR preterm children so we could argue that a lack of activation in those regions is even more important when prematurity is associated with IUGR. Nevertheless, a further comparison with Nosarti et al.\'s results is difficult as they have not reported go-related activation and have not provided specific information about IUGR in their preterm population.

### 4.2.2. Predominant activation in IUGR preterm children {#s0085}

When the two groups were compared, IUGR children showed increased bilateral activation in regions comprising the medial frontal gyrus and SMA, paracentral lobule, precuneus and go-related activation in the right inferior parietal lobule in a context of inhibition. This is consistent with [@bb0155] who have shown that the precuneus was more activated in adults born preterm compared to adults born at term in inhibition condition. Our results also revealed that in the context of execution where IUGR activated posterior parietal regions (comprising the superior parietal lobule and precuneus), controls seemed to deactivate it. In typically developing population, parietal regions and the medial frontal gyrus were found to be more activated in children than adults during successful response inhibition ([@bb0070; @bb0105; @bb0295]). However, a previous study among healthy adolescents and adults has reported that decreased activity in the precuneus and inferior parietal lobule was associated with successful response inhibition ([@bb0285]). The medial, lateral and inferior parietal cortex as well as the precuneus and medial frontal cortex have been identified as regions being part of the default mode network ([@bb0230; @bb0275]) which engagement has been negatively related to response inhibition ability ([@bb0090]). The default mode network being usually activated during resting cognition and deactivated during cognitive tasks ([@bb0050]), it has been suggested that brain regions deactivate when the required attentional resources that maintain them active are needed for processing other information ([@bb0175]). Thus, increased activation or attenuated deactivation of this network during task performance was thought to underlie impaired attentional control ([@bb0090; @bb0275]). Following this idea, the fact that IUGR children recruited several regions known to be part of the default-mode network and therefore interfere with goal-directed activity may express an inability to reallocate their attention resources in order to focus on the task. This hypothesis is reinforced with the fact that inferior and superior parietal cortex have been reported to activate in more complex response inhibition ([@bb0260]) or attention demanding tasks ([@bb0115]).

Results finally showed that the increase of activation in inhibition context found in IUGR in the putamen and in the region encompassing SMA and paracentral lobule during no-go trials was negatively correlated to accuracy. These findings corroborate those of [@bb0090] who have postulated that individuals with poorer response inhibition had increased activation in regions responsible for the execution of a motor response, including SMA and putamen. Overall, these results are in favor of attentional control difficulties that seem to influence poorer response selection (execution and inhibition) in IUGR preterm children compared to control preterm children.

4.3. Limitations {#s0090}
----------------

Differences in brain activation in the presence of normal cognitive development were found in former studies with premature population ([@bb0155; @bb0180; @bb0225]). However, the lack of significant group differences in performance in our study seems inconsistent with previous research with IUGR population (e.g. [@bb0120]). Nevertheless, given the large variability within each group, the lack of group differences in accuracy could be due to a lack of statistical power due to the small number of participants in each group. This small case numbers and the lack of paired children born at term are mainly caused by difficulty to recruit and test 6- and 7-year-old children for fMRI studies. In addition, in order to ensure adequate data quality, almost half of the subjects were excluded from analyses, due to important head motion or task interruption.

4.4. Conclusion {#s0095}
---------------

Our results showed that preterm children with IUGR exhibited higher variability in executing or inhibiting a response compared to preterm children without IUGR, and demonstrated decreased reliance on regions classically involved in successful response inhibition, like the inferior frontal cortex. IUGR children also showed greater activation in the medial frontal cortex and in posterior and parietal regions, like the precuneus and parietal lobules, regions known to be either part of the default-mode network or specifically involved in attention demanding tasks. fMRI studies using a Go/No-go task with preterm population have reported their dependence on an alternative neuronal pathway to compensate for a possible altered or delayed neurodevelopment. Together, our findings suggest the use of different brain regions or a more diffuse network in IUGR children to execute or inhibit a response in a context of inhibition, which reflects impaired attentional control mechanism. This study shows that preterm children do not form a homogenous population when it comes to brain functions, and specific factors related to prematurity, like IUGR, should be considered to identify the preterm children more at risk for later neurodevelopmental disorders.
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![Within-group contrasts for activation in go condition in a context of inhibition. Activation at statistic threshold p \< .001 (≥ 6 voxels) for controls (left) and IUGR (right). (A) 3-Dimensional reconstructed brain images, (B) sagittal views. R = right hemisphere. Black circles = regions where group differences are significant. For both groups, go_NOGO related activation is seen in the left primary motor and sensorimotor cortex and the SMA. In control children, additional go-NOGO activation is visible in the frontal lobe and superior temporal gyrus (A), with significantly higher effects in the inferior frontal and precentral gyri (A) as well as in the right insula (A, B1) and right lateral globus pallidus (B2). In IUGR children, additional activation is visible in the right posterior cerebellum (B2) and significantly higher effects are seen in premotor and parietal cortex (A) as well as in the putamen (B1).](gr2){#f0010}

![Within-group contrasts for activation in nogo condition in a context of inhibition. Activation at statistic threshold p \< .005 (≥ 6 voxels) for controls (left) and activation at statistic threshold p \< .001 (≥ 6 voxels) for IUGR (right). Black circle = region where group differences are significant. In control children, left activation is seen in the region including the inferior frontal cortex, superior temporal gyrus and insula and in the medial frontal and cingulate gyri. In IUGR children, activation is visible in the medial frontal and cingulate gyri and significantly higher effects are visible in the right medial frontal region including paracentral lobule and SMA.](gr3){#f0015}

![Between-group major positive contrasts. Main activation at statistic threshold p \< .001 (≥ 6 voxels). (1) Sagittal views, (2) axial views. R = right hemisphere, L = left hemisphere. IUGR \> Controls: activation of the superior parietal lobule/precuneus, region activated both in go and nogo conditions in Go context. Controls \> IUGR: activation of the superior temporal gyrus/insula/inferior frontal cortex, region activated in go condition in NOGO context.](gr4){#f0020}

###### 

Neonatal and socio-demographic characteristics for IUGR and control children.

                        Mean (SD), range            Statistics                  p-Value         
  --------------------- --------------------------- --------------------------- --------------- ------
  GA, weeks             30.73 (± 2.85), 26.29--34   29.37 (± 3.50), 24.29--34   *t* = − 0.95    .355
  Birth weight, grams   1038 (± 292), 630--1450     1273 (± 478), 730--1970                     
  Age, years            6.7 (± 0.6)                 6.6 (± 0.6)                 *t* = − 0.25    .806
  Gender, %                                                                     *χ*^2^ = 0.83   .361
   Female               50%                         70%                                         
   Male                 50%                         30%                                         

Threshold of significance: p \< .05.

###### 

Behavioral data for IUGR and control children.

                               Mean (SE)        Statistics       p-Value        
  ---------------------------- ---------------- ---------------- -------------- ------
  \% Omission errors           11.9 (± 3.9)     4.6 (± 1.2)      *z* = − 1.21   .223
  \% False alarm errors (FA)   10.9 (± 2.6)     9.1 (± 1.8)      *z* = − 0.35   .730
  \% Omissions context GO      11.8 (± 4.4)     4.3 (± 1.3)      *z* = − 1.30   .195
  \% Omissions context NOGO    12.0 (± 4.8)     5.5 (± 2.3)      *z* = − 0.91   .362
  \% FA context GO             17.5 (± 2.7)     23.0 (± 4.5)     *t* = − 1.04   .313
  \% FA context NOGO           8.7 (± 3.3)      4.5 (± 1.1)      *z* = − 0.73   .467
  Reaction time (*ms*)         652.9 (± 52.1)   664.5 (± 29.4)   *t* = 0.20     .849

Threshold of significance: p \< .05 (Student\'s t-tests --- *t*, or Mann--Whitney U-tests --- *z*). SE = standard error.

###### 

Activation foci for control & IUGR children for go contrasts.

  Region                                      Hem   BA        Peak location   *t*(peak voxel)   Cluster level          
  ------------------------------------------- ----- --------- --------------- ----------------- --------------- ------ -----
  IUGR & Controls (Conjunction)                                                                                        
   Go_GO                                                                                                               
   Primary motor & sensorimotor cortex        L     2,3,4     − 45            − 15              54              5.20   270
   Cingulate gyrus/SMA                        B     6,24,32   3               9                 48              4.12   17
   Medial frontal gyrus-SMA/cingulate gyrus   L     6,24,31   − 6             − 6               51              3.91   7
   Go_NOGO                                                                                                             
   Primary motor & sensorimotor cortex        L     2,3,4     − 39            − 27              57              5.28   44
   Cingulate gyrus/SMA                        B     6,24,32   3               6                 51              4.94   63

Activation at statistic threshold p \< .001 (≥ 6 voxels). Coordinates are in MNI space. Hem = hemisphere. BA = Broadmann Area. B = bilateral (both L and R).

###### 

Within-group activation foci (ROI) for controls & IUGR for go contrasts and between-group differences.

                                                  t-Tests within group   t-Tests between groups                                                                                     
  ----------------------------------------------- ---------------------- ------------------------ ------ ------ ------ ------ ----- ------------- ------------- -------- ---------- --------
  IUGR                                                                                                                                                                              
   Go_GO                                                                                                                                                                            
   Inferior parietal lobule/supramarginal gyrus   R                      40                       60     − 39   42     4.52   18    1.29 ± 2.01   2.48 ± 1.75   − 1.74   .098       − 0.67
   Go_NOGO                                                                                                                                                                          
   Putamen                                        R                                               30     − 12   9      5.07   92    3.17 ± 2.87   0.78 ± 1.18   − 2.44   **.031**   1.15
   Putamen                                        L                                               − 30   − 15   3      4.64   61    2.17 ± 1.96   0.79 ± 1.13   − 1.92   .071       0.91
   Posterior cerebellum                           R                                               12     − 57   − 18   5.43   53    2.00 ± 1.14   1.14 ± 1.18   − 1.64   .118       0.78
   Paracentral lobule, premotor cortex            B                      5,6                      0      − 21   57     4.96   50    2.08 ± 1.37   0.27 ± 1.33   − 2.93   **.008**   1.41
   Paracentral lobule, precuneus                  L                      5,7                      − 9    − 36   60     4.20   6     1.52 ± 0.95   0.04 ± 1.34   − 2.95   **.011**   1.34
  Controls                                                                                                                                                                          
   Go_GO                                                                                                                                                                            
   Lateral globus pallidus                        R                                               21     − 3    0      3.87   7     0.15 ± 0.79   2.2 ± 2.33    2.63     **.023**   − 1.24
   Go_NOGO                                                                                                                                                                          
   Inferior frontal gyrus, precentral gyrus       L                      44,6                     − 60   6      12     6.67   154   2.54 ± 1.02   2.45 ± 1.39   1.68     .110       0.08
   Inferior frontal gyrus, precentral gyrus       R                      44/45,6                  63     9      12     7.22   24    1.14 ± 0.94   2.78 ± 1.64   2.78     **.012**   − 1.29
   Superior temporal gyrus, insula                L                      41,13                    − 51   − 21   21     5.54   36    1.22 ± 1.57   2.47 ± 1.50   1.82     .085       − 0.86
   Insula                                         R                      13                       42     6      − 3    4.21   36    0.88 ± 2.57   3.80 ± 3.19   2.25     **.037**   − 1.06
   Lateral globus pallidus                        R                                               24     0      − 6    4.02   10    1.29 ± 2.03   3.05 ± 1.12   2.24     **.038**   − 1.13

Activation at statistic threshold p \< .001 (≥ 6 voxels). Group differences significant at p \< .05 (in bold) in SPSS version 19. Coordinates are in MNI space. Hem = hemisphere. BA = Broadmann Area. B = bilateral (both L and R).

###### 

Within-group activation foci (ROI) for controls & IUGR for nogo_NOGO contrast and between-group differences.

                                                  t-Tests within group   t-Tests between groups                                                                                   
  ----------------------------------------------- ---------------------- ------------------------ ------ ------ ---- ------ ----- ------------- ------------- -------- ---------- ------
  IUGR                                                                                                                                                                            
   Nogo \_NOGO[a](#tf0005){ref-type="table-fn"}                                                                                                                                   
   Medial frontal gyrus/SMA, paracentral lobule   R                      4,5,6                    9      − 30   63   5.71   117   1.60 ± 0.87   0.06 ± 1.02   − 3.62   **.002**   1.72
   Cingulate gyrus, SMA                           B                      6,24,32                  3      9      45   4.35   26    2.70 ± 2.31   1.28 ± 1.73   − 1.56   .136       0.73
   Putamen                                        B                                               30     − 9    6    4.24   13    2.81 ± 2.57   0.31 ± 1.39   − 2.71   **.014**   1.28
  Controls                                                                                                                                                                        
   Nogo \_NOGO[b](#tf0010){ref-type="table-fn"}                                                                                                                                   
   Medial frontal gyrus/SMA, cingulate gyrus      L                      6,31                     − 12   − 12   54   4.35   19                                                    
   Superior temporal gyrus, IFC, insula           L                      22,44,13                 − 48   3      6    3.40   17                                                    

Group differences significant at p \< .05 (in bold) in SPSS version 19. Coordinates are in MNI space. Hem = hemisphere. BA = Broadmann Area. B = bilateral (both L and R).

Activation at statistic threshold p \< .001 (≥ 6 voxels).

Activation at statistic threshold p \< .005 (≥ 6 voxels).

###### 

Between-group activation foci for each contrast.

  Region                                                                          Hem   BA         Peak location   *t*(peak voxel)   Cluster level   IUGR   Controls       
  ------------------------------------------------------------------------------- ----- ---------- --------------- ----------------- --------------- ------ ---------- --- ---
  IUGR \> Controls                                                                                                                                                         
   Go_GO                                                                                                                                                                   
   Inferior/superior parietal lobule/precuneus[a](#tf0015){ref-type="table-fn"}   R     7          30              − 54              45              4.78   39         ↑   ↓
   Go_NOGO                                                                                                                                                                 
   Medial frontal gyrus-SMA/paracentral lobule[b](#tf0020){ref-type="table-fn"}   B     5,6,7      0               − 21              60              3.28   46         ↑   −
   Parieto-temporal junction[b](#tf0020){ref-type="table-fn"}                     R                48              − 42              21              3.56   19         ↑   ↓
   Nogo_GO                                                                                                                                                                 
   Superior parietal lobule/precuneus[b](#tf0020){ref-type="table-fn"}            R     19,7       27              − 66              48              3.53   19         ↑   ↓
   Nogo \_NOGO                                                                                                                                                             
   Medial frontal gyrus-SMA/paracentral lobule[a](#tf0015){ref-type="table-fn"}   B     4,5,6      3               − 27              60              4.52   30         ↑   −
   Parieto-temporal junction[b](#tf0020){ref-type="table-fn"}                     R                48              − 42              21              3.40   9          ↑   ↓
  Controls \> IUGR                                                                                                                                                         
   Go_NOGO                                                                                                                                                                 
   Superior temporal gyrus/IFC/insula[a](#tf0015){ref-type="table-fn"}            R     22,44,13   52              − 6               − 2             4.95   56         −   ↑
   Superior parietal lobule/precuneus[b](#tf0020){ref-type="table-fn"}            L     19,7       − 27            − 75              48              3.67   22         ↓   −

Coordinates are in MNI space. Hem = hemisphere. BA = Broadmann Area. ↑ = activation, ↓ = deactivation, − = close to "0". B = bilateral (both L and R).

Activation at statistic threshold p \< .001 (≥ 6 voxels).

Activation at statistic threshold p \< .005 (≥ 6 voxels).
